INTRODUCTION
To effectively control the interior noise of a vehicle or fuselage, it is essential to find the primary sources of the noise. In contrast to passive reactions, such as reflections and absorption, primary noise sources actively radiate sound into an enclosure. Therefore, if one eliminates primary sources, perfect control will have been obtained. The main objective of this paper is to identify these primary sources, which can be defined as active sources due to their activity.
Although near-field acoustic holography ͑NAH͒ 1 is well known for its source identification capability, it has limitations in estimating active sources in an enclosure. Historically, NAH has been applied to an exterior sound field, but a numerical approach extended its area to an interior sound field. Veronesi and Maynard 2 used a numerical method in order to model an arbitrarily shaped surface. In addition, Gardner and Bernhard 3 presented the same derivation by using the inverse of the Helmholtz integral equation for an enclosure. However, it is noteworthy that both of their purposes were to reconstruct a mixed sound field, rather than to distinguish between active sources and passive reactions. Therefore, their methods cannot be used to find the active sources of an enclosure.
In this paper, active sources are simply identified by eliminating passive reactions from a reconstructed sound field. The following sections describe this elimination procedure. Since the passive reactions are directly controlled by surface characteristics, such as surface admittance, the procedure includes a technique for the measurement of surface admittance.
There are five sections in this paper. Near-field acoustic holography is briefly reviewed in Sec. I. Theoretical derivations are described in Secs. II and III. Sections IV and V are for numerical simulations and summary.
I. HOLOGRAPHIC RECONSTRUCTION OF A SOUND FIELD "Refs. 1-3…
Near-field acoustic holography ͑NAH͒ is derived from the Helmholtz integral equation. It is the inverse of this equation. For an arbitrarily shaped enclosure, NAH is numerically implemented by using the boundary element method ͑BEM͒.
The Helmholtz integral equation gives the soundpressure field p(r) at a field point r in terms of surface pressure p(r s ) and a normal component of the surface velocity v n (r s ) on surface S ͑Fig. 1͒,
where G(rϪr s Ј)ϭexp(ikR)/4R, Rϭ͉rϪr s Ј͉, and ‫‪n‬ץ/ץ‬ is the normal derivative with respect to the surface. The speed of sound is c, the fluid mass density is , and kϭ/c ϭ2/, with the frequency and the radiated wavelength. The coefficient ␥͑r͒ represents the solid angle, which is 1 for a point in a volume V and 1/2 for the surface having a unique tangent plane. The exact value of this coefficient can be obtained by Cauchy's principal value.
Equation ͑1͒ can be numerically implemented by using the boundary element method. In this method, the geometric and acoustical quantities are interpolated by using shape functions and the quantities at nodes ͑for details, see a textbook such as that in Ref. 4͒ 
provided that ͓D͔ s Ϫ1 and ͓ M ͔ s Ϫ1 exist. Equations ͑4͒ and ͑5͒ are direct relations between field pressure ͕p͖ f , and surface acoustic variables ͕p͖ s and ͕v n ͖ s . Therefore, if we measure field pressure, then we can calculate the surface pressure and the surface velocity. In addition, field pressures at other field points can be calculated by using Eq. ͑3͒.
One thing that should be noted is that singular frequencies are in the NAH. The matrices ͓D͔ s and ͓ M ͔ s become singular at the characteristic frequencies of an enclosure. 2, 5 Theoretically, these singularities only occur at the characteristic frequencies. However, practically, the measurement errors are amplified around these frequencies. In order to reduce these errors, the singular value decomposition is usually accompanied by the NAH. 2, 5 It eliminates less contributing modes in inverse processes and reduces the amplification of errors. However, we will not go into detail on this topic since our focus is on proposing a method using NAH, rather than improving it.
II. HOLOGRAPHIC RECONSTRUCTION OF ACTIVE SOURCES

A. Active sources and passive reactions
Although NAH simply reconstructs a whole sound field, it does not distinguish between active sources and passive reactions. Mathematically, the reason can be found in the fact that NAH does not use a complete boundary condition in representing a sound field. This fact is not directly mentioned in the theoretical derivations, but Eqs. ͑4͒ and ͑5͒ are based on simple Neumann and Dirichlet conditions. 6 These equations represent the sound field due to velocity and pressure boundary conditions. Therefore, NAH is not concerned with the physical boundary conditions, which correctly describe how much the boundaries radiate and reflect sound. As a result, the NAH simply estimates equivalent Neumann and Dirichlet conditions in order to reconstruct a sound field by using them.
Generally, two kinds of conditions are needed to represent a real surface: active and passive. In other words, most surfaces actively radiate sound waves, as well as passively reacting to incident waves. A good example is the vibrating panel covered with absorbent material, which partially radiates and absorbs sound. Although the sound field due to this panel can be represented with equivalent boundary conditions, such as surface velocity or pressure, they do not show how much it radiates and absorbs sound. Therefore, both active and passive terms should be included in a boundary condition in order to represent a real surface.
In this paper, we represented a boundary with the Cauchy condition, 6, 7 ␣͑r s ͒p͑ r s ͒ϩ␤͑ r s ͒v n ͑ r s ͒ϭ f ͑ r s ͒, ͑6͒
where ␣(r s ) and ␤(r s ) are complex numbers. It is rearranged in order to conveniently impose physical meaning. If one divides both sides of Eq. ͑6͒ by ␤(r s ), then one has
with S(r s )ϵ f (r s )/␤(r s ) and A(r s )ϵϪ␣(r s )/␤(r s ), provided that ␤(r s ) is not zero. In Eq. ͑7͒, it is easy to notice that the first term represents passive reactions from a locally reacting surface. 8 Surface admittance A(r s ) determines the ratio between imposed surface pressure and its response. Therefore, if one uses Eq. ͑7͒ in order to model a locally reacting surface, then the first term will represent passive components of a surface velocity. The second term is the remainder. Since the passive component is excluded by the first term, the second term can be regarded as an active source.
Equation ͑7͒ can also be generalized for an extensively reacting surface. In this case, the Cauchy condition can be written as 
͑9͒
If one rewrites Eq. ͑9͒ in a matrix equation using the same matrices in Eqs. ͑2͒ and ͑3͒, one has
where vector ͕S͖ s is the source strength vector, and ͓A͔ is the admittance matrix. If one uses a locally reacting condition ͓Eq. ͑7͔͒ instead of an extensively reacting one, ͓A͔ will be a diagonal matrix.
Furthermore, if one eliminates the surface pressure ͕p͖ s in Eq. ͑10͒ by using Eq. ͑5͒, one has the basic equation of the proposed method, 
III. A TECHNIQUE FOR THE ESTIMATION OF SURFACE ADMITTANCE
As shown in Eq. ͑11͒, one needs to measure surface admittance in order to find active sources. The following section describes a technique that estimates surface admittance of a whole surface. In this paper, we focus on a locally reacting surface because of its simplicity and practical importance. However, we will also show how it can be generalized.
A locally reacting assumption limits the application area of our method. For example, a flexible panel is not locally reacting since the whole panel responds to point excitation. However, practically, this assumption is acceptable in many cases. Most absorbent materials are assumed to be locally reacting. 8 Furthermore, most of the response from a flexible panel is negligible, except at resonance frequencies.
Surface admittance has been measured by several methods, such as the two-sensor method 9 and the spatial Fourier transform method. 10 However, they were for small or uniform specimens. It was impossible to use them for the measurement of a whole surface. For example, if one measures the admittance of an entire surface using the two-sensor method, then one will need hundreds of specimens. In addition, careful attention must be paid when taking specimens. Therefore, we developed a measurement technique for an entire surface.
The proposed technique is similar to the two-sensor method; however, we generalized it for three-dimensional space. The measurement steps are simple. First, a surface is excited with an arbitrary sound source after active sources are turned off. For example, the engine of a car is turned off and the enclosure is excited with a loud speaker. Then NAH is applied in this enclosure in order to estimate surface velocity and pressure. For a locally reacting surface, the ratio of the reconstructed surface velocity and pressure gives the surface admittance. Figure 2 shows the conceptual diagram of the admittance measurement technique. In this configuration, an arbitrary source excites an enclosure, and NAH is applied to the volume between surfaces S and S in .
If we turn off active sources on boundary S, the Cauchy condition of Eq. ͑7͒ becomes
where v n (r s ) and p (r s ) represent the surface velocity and pressure which are excited by an arbitrary sound source ͑Fig. 2͒. Furthermore, Eq. ͑12͒ can be expressed as a matrix equation,
͑13͒
where the admittance matrix ͓A͔ is diagonal. Therefore, the ratio of surface velocity, ͕v n ͖ s and the surface pressure, ͕p ͖ s gives the diagonal elements of the admittance matrix ͓A͔.
For an extensively reacting surface, Eq. ͑8͒ can be rewritten as 
where ͓AЈ͔ is a nondiagonal matrix; A(r s ͉r s Ј) 0 provided r s r s Ј . Equation ͑15͒ is similar to Eq. ͑13͒, but there are N ϫN unknowns since ͓AЈ͔ is not diagonal. Therefore, it is impossible to calculate these unknowns from the simple ratio between surface velocity, ͕v n ͖ s , and surface pressure, ͕p ͖ s .
Theoretically, it is possible to create more equations in order to estimate matrix ͓AЈ͔. For example, if we move an arbitrary exciting source from one point to another, then we will have two sets of equations:
where the superscripts denote the positions of the exciting sources. Furthermore, following the same procedure, it is possible to create N sets of equations. However, this procedure will take a very long time since we would have to apply NAH to each sound field.
IV. NUMERICAL SIMULATIONS FOR A TWO-DIMENSIONAL SOUND FIELD IN A RECTANGLE
A. Two-dimensional sound fields
Two-dimensional sound fields were chosen to verify the proposed method. Although a two-dimensional sound field is not common in practice, it is simple and easy to simulate. It requires a smaller number of nodes in numerical modeling than a three-dimensional sound field does.
For a two-dimensional sound field, Green's function in Eq. ͑1͒ is different,
͑18͒
where J 0 (kR) and Y 0 (kR) are the Bessel functions of the first and second kinds of order zero. The singularity of Y 0 (kR) can be sufficiently reduced if we expand it into a logarithmic function and remainders. 11 For numerical formulations, linear shape functions were used.
Sound fields in a rectangle ͑Fig. 3͒ were used in these simulations. The admittance of each wall was assumed to be purely real, cA 1 ϭ0.0, cA 2 ϭ0.3, cA 3 ϭ0.1 and cA 4 ϭ0.2. A sound source was located on wall 2. For simplicity, we assumed that the source was in-phase along wall 2 ͑Fig. 3͒. This source can be interpreted as a vibrating wall covered with absorbent material. A total of 24 nodes were selected among the boundaries. The highest frequency, which is allowed for this node separation, was 797 Hz. The resonance frequencies of the rectangle are listed in Table I .
In order to simulate the sound fields, the modal summation technique 8 was used. Since the admittance of the boundaries is not very small, we solved full modal coupled equations. A total of 1800 (60ϫ30) modes were used in this calculation.
B. The estimation of source strength with known admittance
First, source strength was estimated with known admittance. In fact, it is the second step of the proposed method. We verified this step separately since it includes the main idea of the proposed method. The first step and the total procedure are verified in Secs. IV C-D. Figure 3 shows the estimation conditions. Twenty-four nodes are on the boundary. In addition, there are 40 points where we took field pressure. The number of field points is 1.67 times that of the surface nodes. Figure 4 shows the example of estimated source strength ͑solid line͒ at 400 Hz. This graph was plotted from side 1 to side 4. Furthermore, the estimated source strength was compared with the reconstructed surface velocity ͑thick, dashed line͒. This plot compares the performance of the proposed method to that of NAH.
In Fig. 4 , estimated source strength largely agrees with true source strength and shows that there is a vibrating source on side 2. However, surface velocity, which was reconstructed by using NAH, fails to indicate source location. It also has nonzero magnitudes on sides 3 and 4 due to pas- sive reactions of the boundary. In addition, estimated source strength was smoothed at nodes 9 and 13 since we used a finite number of nodes. Figure 5 shows the frequency characteristics of estimated source strength and surface velocity. For each frequency, we averaged source strength and surface velocity on each side. This graph shows them on a decibel scale with the reference 10 Ϫ8 m/s. In Fig. 5͑a͒ , the average source strength of side 2 is about 30 dB higher than that of the other sides. This locates the sound source on side 2 rather well. The small error around 620 Hz occurred due to practical limitations of the measurement system. At this frequency, a singular sound field, which has zero sound pressure along the line made by field sensors, can occur. It can be easily checked by the characteristic frequency of the rectangle made by field sensors ͑Fig. 3͒. Figure 5͑b͒ is the average surface velocity which was estimated by NAH. It shows that NAH fails to indicate source locations. The average surface velocity has large magnitudes on sides 3 and 4 where there is no source. In addition, it varies along the frequency axis. It occurred as a result of passive reactions, which depend on surface admittance and the shape of the enclosure. Since sound source is in-phase in the y-direction, the frequency characteristics of the enclosure depend on the x-axis mode; for example, (m,0), mϭ1,2¯modes. Therefore, the variation is periodic with the period of 200 Hz, which is the first resonance frequency of the rectangle.
C. Measurements of wall admittance
Next, we verified the admittance measurement method. Figure 6 shows an estimation condition. There were 24 nodes on boundary S 1 , and the source on side 2 was turned off in this case. An additional 16 nodes were placed on an imaginary surface S 2 . The field pressures were taken at 64 measurement points. The number of measurement points is 1.6 times that of the surface nodes. In order to excite the enclosure, a monopole source was located at ͑0.5375 m, 0.185 m͒. The modal summation technique was employed in calculating a sound field. A total of 1800 (60ϫ30) modes were summed up. Figure 7 shows an example of the estimated admittance at 400 Hz. The estimated admittance shows a high level of agreement with the true admittance at most nodes. The average admittance of each wall is shown in Fig. 8 . At most frequencies, it largely agrees with the true admittance, but shows rather large errors at 265 and 500 Hz. If we calculate wavelengths multiplied by (nϩ1/2) at these frequencies, then we know that they are the multiple of the distances between sides 2 and 4. This means that input impedance at these frequencies is very high. Therefore, a strong near field is formed around the excitation source and causes large errors in the modal summation. If we increase the number of modes, the calculated field will converge into a true sound field.
D. Estimation of sources with measured admittance
Finally, we verified the total procedure of the proposed method. Figure 9 shows estimated source strength. It was estimated using the estimated admittance of Fig. 6 . It also largely agrees with true source strength, but it shows small errors at 0 and 500 Hz. They are the effect of admittance errors. If one compares Fig. 9 to Fig. 8 , one will see that both have errors at the same frequencies. However, they were not largely amplified. Estimated source strength shows the source locations correctly.
V. SUMMARY
This paper proposed a measurement method which estimated active sources on boundaries. First, the Cauchy condition was used to model active sources and surface admittance. Then this condition was estimated by the proposed method. In addition, the admittance measurement technique was proposed. We showed that it estimates the admittance of any surface as far as it is locally reacting. The simple numerical simulations for a two-dimensional sound field were performed to verify the proposed method. Estimated admittance and source strengths largely agreed with true values. Furthermore, the proposed method was compared to near- FIG. 8 . The average admittance of each wall. ͑a͒ Real part; ͑b͒ imaginary part. The true values are ca 1 ϭ0.0ϩ0.0i, ca 2 ϭ0.3ϩ0.0i, ca 3 ϭ0.1 ϩ0.0i, ca 4 ϭ0.2ϩ0.0i.
FIG. 9.
The average source strength reconstructed by the proposed method. Average source strength indicates that there is a source on side 2. In this case, the estimated admittance ͑Fig. 8͒ is used in reconstruction.
